The vacuum assisted resin transfer molding process (VARTM) offers many advantages over the traditional resin transfer molding such as lower tooling cost, room temperature processing. In the VARTM process, complete filling of the mold with adequate wetting of the fibrous preform is critical to the product quality. Computer simulation has become a powerful tool for liquid composite molding process design and optimization. However, in the VARTM process, since the presence of High Permeable Media (HPM), which has a much higher permeability than fiber, 3-D models are necessary and the extensive computation limits the usage of simulation in the process design and optimization.
Introduction
The vacuum assisted resin transfer molding process (VARTM) offers many advantages over the traditional resin transfer molding such as lower tooling cost, room temperature processing. This process has been employed to manufacture many large components ranging from turbine blades and boats to rail cars and bridge decks.
The VARTM process can be divided into five steps. First, in pre-molding, the mold surface is cleaned. Then mold release agent and gel coat are sprayed onto the surface. Next, during reinforcement loading, dry fiber mats are mounted into the mold and covered by a flexible bag film. The cavity is sealed, e.g. by vacuum tapes. Vacuum is created in the mold cavity to draw the resin into the fiber mats. After the cavity is filled with resin, the resin cures and solidifies into the composite part. Finally, the solidified composite is taken out of the mold. Although this process appears simple, in actual fabrication, the procedure can be quite complicated. The locations of the inlets and outlets must be carefully selected so that the mold can be completely filled. The mold and resin temperature must be monitored to avoid resin gelling during resin infusion.
This study focuses on one of the common VARTM processes: the Seemann Composite Resin Infusion Molding Process (SCRIMP), which was invented and patented in the late 1980's by Bill Seemann. In this process, a highly permeable distribution medium is incorporated into fiber preform as a surface layer. During infusion, resin flows preferentially across the surface and simultaneously through the preform thickness, which enables large parts to be fabricated.
Complete filling of the mold with adequate wetting of the fibrous preform is critical in the VARTM. Incomplete impregnation in the mold leads to defective parts containing dry spots. In order to achieve good quality, processing parameters such as the locations and numbers of gates and vents need to be properly set.
Traditionally, trial-and-error techniques are widely applied in the composite industry, which largely depend on the experience and skills of operators. It is very costly and time consuming. With the development of computing technology, simulation has become a powerful tool for the process design and optimization. The Control Volume Finite Element Method (CVFEM) has been the predominant method for process simulation [1] [2] [3] [4] [5] [6] . It forms and solves a set of equations for nodal control volumes as if they were finite elements. Mesh regeneration is not required, which makes the computation more efficient.
In the conventional RTM process, fiber is the only flow medium. The part can often be regarded as a shell and simulation in 2-D domain. The simulation techniques are quite developed and several commercial simulation software packages are available [7] [8] [9] [10] . In the VARTM process, due to the existence of two distinct flow media, fiber preform and High Permeable Medium (HPM), usually 3-D models are required for simulation.
When a 3-D model is used, for large parts, the VARTM simulation requires a large number of nodes and elements during meshing. In addition, the distribution medium is usually much thinner than the preform. Therefore, a finer mesh is needed to avoid the high aspect ratio, which may result in poor conditioning in simulation, as well as from discretization errors. This uses a large amount of computer hardware resources and increases the computer load. The simulation time increases significantly and makes the simulation not feasible.
VARTM simulation has been studied extensively. Mathur et al. [11] developed an analytical model, which predicts the flow times and flow front shapes as a function of the properties of the preform, distribution media and resin. Further, they formulated a performance index to give a measure of the process efficacy. Loos et al. [12] developed a 3-D model to simulate the VARTM manufacturing process of complex shape composite structures. Mohan et al. [13] modeled and characterized the flow in channels using equivalent permeability. The equivalent permeability is used as input for numerical simulation of the mold filling process. The numerical simulations are based on a pure finite element based methodology. The mold filling in the VARTM was investigated by Sun et al. [14] based on a High Permeable Medium and Ni [15] et al. based on grooves.
A 3-D Control Volume Finite Element Method was adopted to solve the flow governing equations. Based on experimental observations and CVFEM simulation, a simplified leakage flow model was presented, where they considered the preform and the peel ply as a sink for the resin, while modeling the flow in the distribution layer. Tari et al. [16] derived a closed form model for vacuum bag resin transfer molding under several simplifying assumptions. They assumed that the resin velocity in the saturated fiber preform is negligible. Hsiao et al. [17] avoided this assumption and hence the velocity for the resin, as well as the shape of the flow front through the thickness of the fiber preform, was accurately captured. Han et al. [18] proposed a hybrid 2.5-D and 3-D flow model. Dong [19] presented an Equivalent Medium Method for improving computation efficiency of the VARTM simulation.
From the literature survey, most of the studies focused on the development of simplified models due to the extensive computations involved in the 3-D CVFEM method. However, the 3-D nature of VARTM simulation is not avoided. Thus, the simulation is more time-consuming than 2-D RTM simulation. In addition, the 3-D Finite Element modeling and material defining process are more complicated due to the anisotropic nature of flow media. The fiber direction needs to be specified for each element to relate the material orientation to the coordinate system, as shown in Figure 2 .
In view of the industrial application, the mold filling process and time need to be predicted in a timely manner to reduce the lead time. The 3-D simulation is incapable of meeting this requirement. Thus, it is necessary to develop a more convenient tool for VARTM simulation.
Dimensionless VARTM process variables including dimensionless permeability, porosity, and thickness have been introduced in this paper. The dimensionless VARTM mold filling time was also derived by correlating the VARTM process with the RTM process. The significant process variables were identified by using the Design of 2. An efficient and effective approach is developed for the VARTM process optimization. By using this approach, the process parameters can be found to meet the objective in a time-efficient way.
3. Since variations exist for the process parameters [20] , the approach presented in this paper can also be used as a robust design tool to reduce the sensitivity to the variations of process parameters.
The rest of the paper is structured as follows. In section 2, the approach to develop a VARTM process regression model is presented. The model validation is presented in Section 3. Section 4 discusses the application of the presented model.
Conclusions are drawn in Section 5.
Approach

Control Volume Finite Element Method (CVFEM)
The flow of a viscous fluid through an anisotropic, homogenous, porous medium is represented by Darcy's law [21] :
where K ij (i, j = x, y, or z) are the components of the permeability tensor. ∂p/∂x, ∂p/∂y and ∂p/∂z are the pressure gradients in the three directions respectively.
For an incompressible fluid, the mass conservation equation can be reduced to the form:
Equation 2 can be integrated over a control volume and leads to:
Using the Divergence theorem (Gauss's theorem), the control volume integral can be transformed into a control surface integral. Thus, Equation 3 can be written as:
where n x , n y and n z are the normal components of the surface vector of the control volume.
Substituting Equation 1 into Equation 4 yields:
Equation 5 is the working equation for solving the problems of flow through anisotropic porous media and is a combination of the mass and momentum equations, while the momentum equation is represented by using the Darcy's law.
In order to solve such moving boundary problems as the resin flow front advances using the traditional finite element method, it requires the computation domain redefinition and mesh regeneration. Mesh regeneration needs a large amount of computation time as the domain becomes complicated. Alternatively, the control volume finite element method, which forms and solves a set of equations for nodal control volumes as if they were finite elements, does not require mesh regeneration. Thus, the computation is more efficient.
The boundary conditions for mold filling simulation are as follows:
At the flow front:
At the inlet gates:
For constant pressure:
For the constant flow rate:
At the mold boundaries:
It is assumed that at the beginning of mold filling, the control volumes enclosing 
RTM and VARTM Simulation
In the traditional RTM process, fiber preform is the only flow medium. The through-thickness resin flow can often be neglected and thus a 2-D model can be applied.
In the VARTM process, however, another flow medium -High Permeable Medium (HPM) presents. Considering a 1-D flow in the VARTM process, the resin flow front is plotted in Figure 2 . The HPM is much thinner than the preform. The flow is assumed to be well developed and can be divided into two regions: saturated region and flow front region. In the saturated region, no cross-flow exists, while in the flow front region the resin is infiltrating into the preform from the HPM.
When the inputs in the CVFEM mold filling simulation are considered, they can be divided into:
• Geometric properties: molding geometry 
Expanded to the general case, it can be derived that ( ) 
In the VARTM process, two types of flow media -fiber preform and HPM exist.
If the properties of fiber preforms and the RTM mold filling time are regarded as the reference variables and mold filling time, respectively, the VARTM mold filling time can be derived by using Equation 13 as
Equation 14 shows that the VARTM mold filling time is dependent on the permeability and porosity of fiber preform and HPM, and the composition of fiber preform and HPM. It can be further written as
If the dimensionless process variables for the VARTM process are derived as
, and the dimensionless VARTM mold filling time is given by the VARTM-RTM mold filling time ratio as
As a preliminary study, several RTM and VARTM mold filling process simulation for the same part by both linear and port injection was simulated. For RTM simulation, 2-D models were used and for VARTM simulation 3-D models were used.
The permeability was considered as the only variable. The thickness is 4 mm for the fiber preform and 1 mm for the HPM. The porosity is 0.5 for the fiber preform and 0.8 for the HPM. The injection pressure is 1×10 5 Pa. When the permeability of the fiber preform and HPM is 100 Darcy and 3,000 Darcy, respectively, the RTM and VARTM mold filling process is shown in Figure 4 . The complete result for various permeability values is shown in Table 1 . Thus, it is confirmed that the dimensionless mold filling time is dependent on The approach is illustrated in Figure 5 . For any given composite part design, the mold filling process can be simulated in 2-D using the RTM assumption. 
Screening Design
First, a screening design was conducted to uncover the individual contributions to the VARTM mold filling time of h H , φ H and K H . A factorial design was conducted to identify the significant factors.
Normally, the permeability is 50~200 Darcy for fiber preforms and 1,000~5,000
Darcy for HPM. The porosity is 0.4~0.6 for fiber preforms and 0.7~0.9 for HPM. The thickness of HPM is less than 1 mm. In order to derive the dimensionless variables, K f , φ f and h f were fixed at 100 Darcy, 0.5, and 4 mm, respectively. The levels of h H , φ H and K H are shown in Table 2 . These were chosen to cover the normal application range. The dimensionless VARTM process variables were derived and the dimensionless VARTM mold filling time is the response. 
Model Development by Response Surface Method (RSM)
The result from the screening design shows that φ * is an insignificant variable so that only h * , K * are used in the further analysis.
The significant effect of curvature indicates that a linear model is not sufficient.
A second-order response surface model needs to be developed. One effective way to develop such a model is the Central Composite Design (CCD). Thus, the design was augmented into a 2 2 design with four axial runs as shown in Figure 7 .
The Box-Cox Method [22] 
Model Validation
A boat hull as shown in Figure 9 was simulated to validate the regression model.
Its length is 2 m.
The permeability is 80 Darcy for the fiber preform and 3,000 Darcy for the HPM.
The porosity is 0.5 for the fiber preform and 0.9 for the HPM the porosity.
First, the thickness of the fiber preform was assumed to be 20 mm. The processing of the boat hull by the RTM process was simulated by using a 2-D CVFEM model. Half of the structure was modeled due to its symmetry, as shown in Figure 10 (a).
The injection pressure was 1×10 5 Pa. The viscosity was 200 cP. The mold filling process is shown in Figure 10 (b). The mold filling time is 13,903 sec.
When the VARTM processing of the boat hull was considered, the thickness of the HPM was assumed to be 1 mm. The dimensionless variables were calculated as
The VARTM mold filling process was also simulated by using a 3-D CVFEM model. The result is shown in Figure 11 . The mold filling time is 5,597 s. The computation time is 2h50'. The relative error is 11% and the time saving is >99%.
Secondly, the thickness of the fiber preform was assumed to be 10 mm. The mold filling time from simulation is 13,903 sec. When the VARTM processing of the boat hull was considered, the thickness of the HPM was also assumed to be 1 mm. The dimensionless variables were calculated as
The mold filling time was calculated as 461 , 3
The mold filling time from simulation is 3,608 s. The computation time is 1h41'.
The relative error is 4% and the time saving is >99%. Figure 13 . The mold filing time was 2,910 s. The relative error is 14%.
Model Application
In the Liquid Composite Molding, the viscosity increases with increasing curing time and temperature. The rate of viscosity increase is low at the early stages of curing.
After a threshold degree of cure is achieved, the resin viscosity increases at a very rapid rate. The time at which this occurs is called the gel time. It is necessary to complete the mold filling process before the gel time since the flow of resin in the mold becomes increasingly difficult at the end of this time period.
From the modeling by the RSM, a general HPM selection chart has been developed as shown in Figure 14 . The horizontal and vertical axes are dimensionless thickness and permeability, respectively, and the contour is the dimensionless mold filling time. This chart can assist in selecting the HPM to achieve desirable mold filling time.
As an example, from 2-D simulation we know that the t RTM = 80 min. The gel time of the resin being used is 30 min. Thus, it is desirable that 25 VARTM ≤ t min, i.e.
Thus, the dimensionless thickness and permeability should be selected from the shaded area shown in Figure 15 . The corresponding thickness and permeability of the HPM can be easily calculated.
Conclusions
In The original contributions of this research are:
1. A guideline for VARTM process design is provided. The process parameters can be selected per this guideline.
2. An efficient and effective approach is developed for the VARTM process optimization. By using this approach, the process parameters can be found to meet the objective in a time-efficient way.
3. Since variations exist for the process parameters, the approach presented in this paper can also be used as a robust design tool to reduce the sensitivity to the variations of process parameters. 
